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The Golgi complex in stress and
death
Carolyn E. Machamer*
Department of Cell Biology, Johns Hopkins University School of Medicine, Baltimore, MD, USA
The Golgi complex is a central organelle of the secretory pathway where sorting and
processing of cargo occurs. While Golgi structure is important for the efficient processing
of secretory cargo, the unusual organization suggests additional potential functions. The
Golgi is disassembled after various cellular stresses, and we hypothesize that Golgi
disassembly activates a stress signaling pathway. This pathway would function to correct
the stress if possible, with irreparable stress resulting in apoptosis. Neurons appear to
be particularly sensitive to Golgi stress; early disassembly of the organelle correlates with
many neurodegenerative diseases. Here, Golgi stress and potential signaling pathways
to the nucleus are reviewed.
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GOLGI STRUCTURE AND FUNCTION
The Golgi complex plays a central role in processing and sorting of biosynthetic cargo in all
eukaryotic cells. In mammals, the Golgi complex consists of sets of flattened cisternal membranes
arranged in stacks with associated tubules and vesicles, which are usually collected at the
microtubule organizing center (MTOC) in a ribbon structure (Klumperman, 2011). This structure
is not essential for the known functions of the Golgi, and may suggest additional functions. Golgi
structure is also quite dynamic; the organelle is disassembled at mitosis and then reassembled
(Wang and Seemann, 2011). The organelle can also accommodate cargo of different shapes and
sizes (Machamer, 2013).We previously hypothesized thatmammalian Golgi organizationmay have
evolved in part to sense and transduce specific stress signals to the nucleus (Hicks and Machamer,
2005).
Golgi structure in mammalian cells is maintained by the cytoskeleton, and GRASPs and golgins
(Figure 1A). GRASP65 and GRASP55 form homo- or hetero-oligomers and mediate stacking and
can contribute to the Golgi ribbon structure (Ramirez and Lowe, 2009; Xiang and Wang, 2010).
The golgin family comprises a group of peripheral Golgi membrane proteins with long coiled coil
domains. Some golgins are vesicle tethers, some function in Golgi stack structure, and others may
be involved in trafficking of specific cargo molecules (Munro, 2011). Disassembly of the Golgi in
mitosis or apoptosis results from reversible phosphorylation of GRASPs and golgins or irreversible
cleavage, respectively.
GOLGI DISASSEMBLY AND STRESS
Golgi fragmentation is commonly observed in cells subjected to “stress,” including
pharmacological and oxidative stress. Fragmentation can be the result of perturbation of
microtubules, or phosphorylation or cleavage of Golgi structural proteins. Golgi stacks
can be dispersed (mini-stacks) or completely disassembled, depending on the perturbation
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FIGURE 1 | Golgi structure in life, stress and death. (A) Golgi morphology in a typical mammalian cell, with the key structural players shown in the inset. For
simplicity, individual golgins and GRASPs are not indicated. (B) Golgi stress due to cargo load or size, ionic imbalance, infection with intracellular pathogens, or
perturbation of glycosylation or the cytoskeleton results in structural alterations that can signal to the nucleus to help repair the stress. (1) Dephosphorylation of TFE3
and tranlocation to the nucleus results in transcription of genes with a GASE, including some glycosyltransferases and trafficking components. (2) Activation of local
caspase-2 cleaves select golgins, and fragments enter the nucleus to perform an unknown function. (3) Phosphorylation of GRASPs and golgins or their cleavage can
result in a more complete disassembly of the Golgi, although the consequences for signaling to the nucleus are unknown. (C) With irreparable stress, the Golgi is
completely disassembled as the cell undergoes apoptosis.
(Figure 1B). Although the term “Golgi stress” has been
frequently used in the literature (e.g., Jiang et al., 2011; Oku et al.,
2011; Reiling et al., 2013), there is no clear understanding of
what Golgi stress entails. Can Golgi stress be activated in the
absence of endoplasmic reticulum (ER) stress? Similar to the
well-documented unfolded protein response in the ER (Walter
and Ron, 2011), a Golgi stress response pathway should serve
to help alleviate the stress, and only result in cell death if the
stress is irreparable (Figure 1C). Pharmacological inhibitors of
glycosyltransferases, glycosidases, proton and calcium pumps,
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and perturbation of luminal pH have all been shown to alter the
structure of the Golgi complex. High levels of cargo or large cargo
passing through the Golgi may be the most physiological type of
stress. But do any of these insults result in outcomes that would
help eliminate the stress?
One of the most extensively studied types of cellular stress is
pro-apoptotic stress. In apoptosis, extrinsic, or intrinsic pathways
lead to programmed disassembly of the cell. Cysteine proteases
called caspases are activated and cleave a select set of cellular
proteins during programmed cell death. Different types of stress
activate specific initiator caspases, which then activate effector
caspases (Boatright and Salvesen, 2003). Not all caspases are
involved in cell death however.
We previously reported that procaspase-2 is partially localized
at the cytoplasmic face of the Golgi complex (Mancini et al.,
2000), and golgin-160 and several other golgins are caspase-
2 substrates (Mancini et al., 2000; Lowe et al., 2004). Caspase
cleavage of golgin-160 is predicted to inhibit its function
in promoting efficient trafficking of specific cargo molecules
(Bundis et al., 2006; Hicks et al., 2006; Williams et al., 2006).
Caspase-2 is an unusual caspase in that it possesses a long
prodomain like inititator caspases, but does not activate effector
caspases (Fava et al., 2012). Recent evidence suggests non-
apoptotic roles for caspase-2 in maintaining genome stability,
checkpoint regulation in the cell cycle, response to oxidative
stress, tumor suppression and in aging (Olsson et al., 2015).
Another stress that acts at the Golgi complex is inhibition of
O-glycosylation. It was shown that treatment of fibroblasts with
benzyl 2-acetamido-2-deoxy-a-d-galactopyranoside (GalNAc-
bn) to inhibit this post-translational modification induced
upregulation of HSP47, an ER chaperone (Miyata et al., 2013).
HSP47 apparently protects cells from Golgi fragmentation and
death when O-glycosylation is blocked because knock-down of
HSP47 in GalNAc-bn treated cells led to Golgi vacuolization
and eventual apoptosis. Interestingly, caspase-2 appears to be
activated here as well. The mechanism by which HSP47 leads to
protection is unknown, but it has been reported to be a collagen-
specific chaperone (Mala and Rose, 2010). HSP47 may regulate
the level of this abundant secretory protein that enters the Golgi,
whereas in its absence collagen might accumulate in the Golgi
when it cannot be O-glycosylated, resulting in Golgi structural
perturbations and eventual apoptosis.
GOLGI-NUCLEUS SIGNALING PATHWAYS
Signals from the nucleus can lead to phosphorylation of
Golgi proteins and subsequent Golgi disassembly. For example,
GOLPH3 is an oncogene that is upregulated in a number
of cancers. It is a peripheral Golgi protein that binds
phosphoinositol-4-phosphate at the trans-Golgi as well as the
myosin Myo18A (Dippold et al., 2009). Normal Golgi ribbon
structure is maintained in part by interaction of the Myo18A-
GOLPH3 complex with actin, which keeps the ribbon extended.
DNA damage results in Golgi fragmentation, which was shown to
occur through phosphorylation of GOLPH3 by DNA-dependent
protein kinase (DNA-PK). Phosphorylated GOLPH3 interacts
more strongly with Myo18A and thus leads to Golgi dispersal
(Farber-Katz et al., 2014). Although this dispersal leads to a
reduction in cargo traffic through the Golgi, it is not yet clear
how this connects to DNA damage or cell survival. Since DNA-
PK can activate caspase-2 (Shi et al., 2009), it will be important to
determine if caspase-2 cleavage of Golgi proteins contributes to
this response.
But can signals from the Golgi lead to changes in gene
expression in the nucleus? Membrane-anchored transcription
factors can be released from Golgi membranes by site 1
and 2 proteases (Fox and Andrew, 2015), allowing nuclear
translocation and transcription of specific genes. However, these
transcription factors are trafficked to the Golgi by specific events
signaled in the ER. Several golgins contain cryptic nuclear
localization signals, and fragments of these proteins (generated
by caspases or other proteases) can be targeted to the nucleus. But
to date, none of these fragments has been shown to induce gene
expression that might alter Golgi function. A caspase cleavage
fragment of p115, a vesicle tethering protein localized at the cis-
Golgi, is targeted to the nucleus and promotes cell death in a p53-
dependent pathway (Chiu et al., 2002; How and Shields, 2011).
However, cleavage of p115 is not observed in all pro-apoptotic
settings (Lowe et al., 2004).
A cryptic nuclear localization signal is present in a fragment
of golgin-160 generated by caspase-2 cleavage, and this fragment
accumulates in the nucleus when expressed exogenously (Hicks
andMachamer, 2002). We hypothesized that Golgi stress leads to
low levels of caspase-2 activation, and that the nuclear fragments
of golgin-160 participate in a stress repair pathway (Hicks
and Machamer, 2005). The nuclear fragments do not resemble
transcription factors per se, so may serve as transcriptional
enhancers or repressors. Interestingly, cells expressing caspase-
resistant golgin-160 were less sensitive to apoptosis induced by
ER stress and death receptor ligation compared to cells expressing
wild-type golgin-160. However, these cells responded normally to
other pro-apoptotic stresses (Maag et al., 2005). Our recent data
support the idea that the stable lines expressing caspase-resistant
golgin-160 adapted during selection because a block in golgin-
160 cleavage prevented normal response to stress. Although it is
interesting that only stress within the secretory pathway depends
on golgin-160 cleavage, we still lack direct evidence that golgin-
160 is cleaved during Golgi stress and mediates subsequent
changes in gene expression.
Extended treatment with the ionophore monensin was shown
to increase the levels of certain Golgi glycosylation enzymes
and vesicle transport components (Oku et al., 2011). Monensin
collapses sodium and proton gradients, and thus raises the pH
and induces swelling of low pH compartments, including the
Golgi complex. The authors identified a “Golgi apparatus stress
element” (GASE) in the promoters of several Golgi resident
proteins that was required for their upregulation. Further
work identified TFE3, a basic helix-loop-helix transcription
factor, which binds to the GASE (Taniguchi et al., 2015).
They showed that under normal growth conditions, TFE3
was phosphorylated and remained cytoplasmic, but after
monensin treatment, TFE3 was dephosphorylated and it was
transported to the nucleus. The signaling pathway resulting in
dephosphoylation of TFE3 remains to be determined. Nuclear
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translocation of TFE3 and transcription of GASE-containing
genes was also activated when proteoglycan synthesis was
inhibited or the CMP-sialic acid transporter was depleted
(Taniguchi et al., 2015), suggesting that TFE3 regulation of
Golgi homeostasis involves glycosylation. It will be interesting
to see if this pathway is activated by increased flux of cargo
during differentiation of secretory cells or trafficking of large
cargo, or if different regions of the Golgi activate different stress
response pathways, as recently proposed (Sasaki and Yoshida,
2015).
Another signaling pathway recently identified that may
impact Golgi stress due to pathogen infection involves ADP-
ribosylation factor (ARF)-4 and the transcription factor CREB3
(Reiling et al., 2013). Originally identified through a screen
for brefeldin A-resistance, ARF4 levels increase when cells are
exposed to Golgi disrupting treatments, and this requires the
CREB3 transcription factor. Cells depleted of ARF4 or CREB3
contain increased levels of ARF1, 3, and 5, and are more resistant
to infection with Chlamydia and Shigella. These results suggest
that ARF4 may be induced by infection with these pathogenic
bacteria to promote Golgi structural rearrangements required
for efficient growth. How Golgi perturbation activates CREB3
is unknown. An earlier finding of caspase-2 involvement in
infection with pathogenic bacteria is also intriguing in this light
(Jesenberger et al., 2000).
GOLGI DISRUPTION IN
NEURODEGENERATIVE DISEASES
Golgi fragmentation has been observed for decades in neurons
from patients and in animal models of neurodegenerative
diseases, including amyotrophic lateral sclerosis, Alzheimer’s
disease, Creutzfeld-Jacob disease and spinocerebellar ataxia type
2 (Gonatas et al., 2006). But does the fragmentation induce
neuron dysfunction or is it simply a downsteam effect? Most
evidence suggests that Golgi disruption occurs prior to cell
death or disease phenotypes. In cortical neurons undergoing
excitotoxicity or oxidative or nitrosyl stress, Golgi fragmentation
precedes cell death, and both fragmentation and death could
be blocked when Golgi structure was rescued with expression
of a C-terminal GRASP65 fragment (Nakagomi et al., 2008).
The C-terminal GRASP65 fragment allows formation of GRASP
oligomers but cannot be phosphorylated, which is required for
disassembly. Golgi fragmentation usually results in decreased or
blocked trafficking to the cell surface. This would be expected to
impair cellular function and could contribute to apoptosis.
In cell and animal models of Alzheimer’s disease, increased
Aβ processing from the amyloid precursor protein (APP) leads
to Golgi fragmentation before cell death (Gonatas et al., 2006). A
recent study shows that phosphorylation of GRASP65 by Cdk5
activated by Aβ (possibly through calcium signaling) results in
reversible disassembly of the Golgi complex (Joshi et al., 2014).
By contrast to other situations where Golgi fragmentation results
in decreased cargo trafficking, the Wang group has shown that
Aβ-induced fragmentation actually increases cargo trafficking.
This results either directly or indirectly in positive feedback,
where production of Aβ is increased and thus increases Golgi
fragmentation. However, increased Aβ processing may block
further accumulation of Aβ. It was recently shown that the
intracellular domain of APP (released after Aβ processing and
translocated to the nucleus) leads to reduced levels of machinery
required for APP trafficking out of the Golgi, and thus reduced
production of Aβ (Ceglia et al., 2015). Clearly, there is still much
to learn about the role of the Golgi complex in Alzheimer’s
disease.
ACBD3 (also known as GCP60) is upregulated in cell culture
models expressing the huntingtin (Htt) protein with expanded
polyglutamine repeats, as well as in the brains of mice that model
Huntington disease and in the striatum of Huntington’s patients
(Sbodio et al., 2013). ACBD3 is a ubiquitous peripheral Golgi
protein that interacts with golgins and may regulate trafficking
of fragments of golgin-160 generated by caspase cleavage (Sbodio
et al., 2006). Interestingly, as mentioned above, ACBD3 is one
of the genes shown to be upregulated by Golgi stress induced
by monensin (Oku et al., 2011), which requires TFE3 (Taniguchi
et al., 2015). In striatal neurons, increased levels of ACBD3
may lead to increased neurotoxicity due to its interaction with
both Rhes and Htt. Rhes is a small G protein that is associated
with Htt pathogenicity. Rhes is specifically expressed in the
striatum (unlike Htt, which is widely expressed) and is thus
thought to limit the site of degeneration in Huntington’s disease
to this region of the brain. Caspase-2 cleavage of Htt has also
been implicated in pathology (Hermel et al., 2004). It will be
interesting to see if any other binding partners of ACBD3 and
caspase-2 cleavage at the Golgi are involved in Huntington’s
pathology.
OUTLOOK
Elucidation of the types of stresses that originate at the Golgi
complex as well as the resulting signaling pathways will be
required for a complete understanding of the role of this
important organelle in neurodegeneration as well as other
diseases. The identification of transcription factors that respond
to Golgi stress, such as TFE3 and CREB3, will greatly aid
the dissection of the signaling pathways. Determining how
perturbation of Golgi structure and cleavage fragments of Golgi
structural proteins influence gene expression is crucial. Finally,
the consequences of Golgi fragmentation on cell homeostasis,
including membrane traffic, need to be assessed for each type of
Golgi stress uncovered.
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